The concentrations of renal ATP have been measured by 31P-nuclear magnetic resonance (NMR) before, during, and after bilateral renal artery occlusion. Using in vivo NMR, the initial postischemic recovery of ATP increased with the magnitude of the residual nucleotide pool at the end of ischemia. ATP levels after 120 min of reflow correlated with functional recovery at 24 h. In the present study the effect of blocking the degradation of ATP during ischemia upon the postischemic restoration of ATP was investigated. Inhibition of adenosine deaminase by 80% with the tight-binding inhibitor 2'-deoxycoformycin led to a 20% increase in the residual adenine nucleotide pool. This increased the ATP initial recovery after 45 min of ischemia from 52% (in controls) to 62% (in the treated animals), as compared to the basal levels. The inhibition also caused an accelerated postischemic restoration of cellular ATP so that at 120 min it was 83% in treated rats vs. 63% in untreated animals. There was a corresponding improvement in the functional recovery from the insult (increase of 33% in inulin clearance 24 h after the injury). Inhibition of adenosine deaminase during ischemia results in a injury similar to that seen after a shorter period of insult.
Introduction
It is well known that renal ischemia causes a depletion of cellular ATP (1-1 1) and that after the insult the recovery of ATP is incomplete (I1-4, 6-12). Previous work from our laboratory has shown that the postischemic restoration of renal ATP is a biphasic process (4, (6) (7) (8) with the duration of ischemia and was also shown to be a monatomic function of the total adenine nucleotide (TAN) pool at the end of the ischemic period. Furthermore, the renal ATP content after 120 min of reflow has been shown to be a good predictor of the functional recovery of the kidney 24 h later (8) .
Based on these observations, we proposed that the metabolic and functional severity of renal ischemia was related to the degree of loss of residual nucleotides during ischemia. There was also a dependence upon the capacity of the kidney to regenerate ATP during reflow, but the chemical correlation ofthis dependence was not defined by these early experiments.
To evaluate the hypothesis that the ATPinit depended upon the TAN, we investigated whether enhancement of the residual nucleotide pool by inhibition of ATP degradation ameliorates the metabolic and functional consequences of renal ischemia.
Methods
Male Sprague-Dawley rats (200-250 g) were used for all experiments. Adenosine, nucleoside phosphorylase (crystalline ammonium sulfate suspension from calfspleen), xanthine oxidase (crystalline ammonium sulfate suspension from buttermilk), imidazole, sucrose, and bovine serum albumin (BSA) were purchased from Sigma Chemical Co. (St. Louis, MO). 2'-deoxycoformycin (DCF) was generously donated by Warner Lambert Co (Ann Arbor, MI). [methox-3H]methoxyinulin was purchased from New England Nuclear (Boston, MA).
Enzyme preparation. Adenosine deaminase (ADA) was prepared from the kidneys ofall rats by a modification ofthe procedure ofTedde et al. (13) . Kidneys were excised, cooled, and homogenized as 50% (wt/vol) solutions in 250 mM sucrose/50 mM imidazole-HCl, pH 7.0. Homogenates were centrifuged at 10,000 g for 30 min. BSA (0.5 mg/ml) was added to the supernatant to stabilize the enzyme activity (14) . The preparation was then exhaustively dialyzed against 50 mM imidazole-HCl/100 mM NaCl, pH 7.0. ADA activity was determined as described below.
Enzyme assay. ADA activity in kidneys of experimental rats was determined by a modification of the assay of Hopkinson et al. (15) in which the inosine produced is converted to uric acid in the presence of excess commercial nucleoside phosphorylase and xanthine oxidase.
The reaction mixture contained 0.1 mM exogenous adenosine, nucleoside phosphorylase (0.1 U/ml), xanthine oxidase (0.2 U/ml), and 0.25 ml of the kidney homogenate in a 50 mM imidazole-HCi/100 mM NaCl (pH 7.0) buffer. The decrease in adenosine was monitored by a decline in absorbance at 265 nm. A millimolar extinction coefficient of 12.5 was measured and used to convert absorbance decreases to millimoles of adenosine deaminated. One unit ofenzyme activity is defined as the amount of enzyme that catalyzes the conversion of 1 ,umol of adenosine to inosine in 1 min under the specified steady-state assay conditions. For specific activity determinations, protein was quantitated by the method of Lowry et al. (16) In vivo nuclear magnetic resonance (NMR). The rats were anesthetized with sodium thiobutabarbital (Inactin, 80 mg/kg, i.p.) and tracheotomized. A catheter was inserted into the right jugular vein for the infusion of normal saline. A midline abdominal incision and blunt dissection were used to expose the renal arteries. A silastic sling was looped around the aorta proximal to the origin of both renal arteries and distal to the origin of the celiac artery. The silastic sling was brought out through the abdominal incision, which was then closed. The left kidney was exposed via a flank incision and cleaned of surrounding fat and tissue. The kidney was then placed in a micropuncture cup modified to contain the NMR radiofrequency coil. Body temperature was maintained at 36.5-37.5OC with a recirculating water bed. Animals were heparinized (500 U/kg) and surgical fluid losses were replaced with normal saline (2% ofbody weight). A maintenance infusion of normal saline (1.2 ml/h) was given continuously throughout the experiment.
Our method for in vivo 3IP-NMR spectroscopy has previously been described (4, (6) (7) (8) (Fig. 1 ). An aqueous solution of methylphosphonate and Gd C13 was attached to the micropuncture cup for use as an external standard. Three control spectra were collected to ensure that the preparation was well energized and stable. The kidneys were then made ischemic for 45 min by placing tension on the silastic sling. After the ischemic interval, the tension on the sling was released and the animal allowed to recover for 120 min. At the end of this period, the kidneys 
phosphodiester, (5) Pi, (6) sugar phosphate, (7) of the ATP-,#.
As previously described (4, 6-8), time-course data for ATP recovery were provided by analysis of linear regression lines calculated from all the data points collected during the 120 min of reflow for each experiment. The initial rapid recovery of ATP (ATPi0it) was determined from the -intercept of the linear regression line, the rate of net restoration of renal ATP was evaluated from the slope (ATP,,pe), and ATP,20 was defined as the tissue ATP concentration after 120 min of reflow.
Extract studies. Animals were prepared as described for in vivo studies. To determine purine breakdown products at the end of 45 min of bilateral renal artery occlusion, the kidneys were quickly frozen in situ with aluminum tongs cooled in liquid nitrogen and extracted with perchloric acid by well-established methods (17) . In three treated and three control animals, the kidneys were harvested after 15 min of reflow. Data obtained in these studies were compared to values from nonischemic kidneys which had been harvested and processed by the same methods (8) . In DCF-treated animals, one kidney was used for chemical analysis while the other kidney was excised and used to determine the level of enzyme inhibition. The protein-free extracts were triply lyophilized in 2H20. 'H-NMR spectra of these extracts were obtained at 500 MHz on a Bruker WM 500 spectrometer. Spectra consisted of 200 acquisitions using 900 pulses and 10-s recycle times.
Peak assignments were made by comparison with standard spectra and by sequential addition of the compounds to extracts (8) . Concentrations of the adenine nucleotides, nucleosides, and hypoxanthine were calculated using glycerophosphorylcholine as an internal concentrating standard (Fig. 2) .
Functional studies. Animals were anesthetized with sodium pentobarbital (50 mg/kg) and subjected to 45 min of bilateral renal artery occlusion as previously described. At the end of this insult the catheters were removed and the animal was allowed free access to food and water. Kidney function was determined by inulin clearance 24 h after the injury (18) . The animals were anesthetized with Inactin (80 mg/kg, i.p.) and tracheotomized. Catheters were inserted into the right jugular vein and bladder. After replacement of surgical fluid losses with normal saline, a priming dose of 10 MCi of [methox-3H]methoxyinulin (inulin) was given, followed by a sustaining infusion of 10 MCi/h in 1.2 ml of normal saline. After a 45-min equilibration period, inulin clearance (C,0) was determined by the average of three 10-min urine collections. Blood samples were obtained from the tail at the midpoint of each urine collection. The concentration of inulin was determined with a liquid scintillation counter. Cin was calculated using a standard formula (18) . After the determination of C,0 in DCF-injected rats, the kidneys were excised for measurement of the level of ADA inhibition. 
Results
The effect of intramuscular injections of DCF on renal ADA activity is shown in Table I . 24 h after the injection, 80% reduction in ADA activity was achieved. Subjecting the animal to ischemia at this time did not alter the effect of the drug on renal ADA activity. The inhibition was sustained for at least another 48 h. Activity was not measured more than 72 h after the injection.
The effect of an injection of DCF 24 h before 45 min of renal ischemia on the concentrations of adenine nucleotides, (Table III) after the injury (398±35) as compared to control animals (300±19, 'P < 0.05).
Discussion
Many investigators have shown that during a period of renal ischemia, the cellular ATP concentration significantly decreases (1-1 1) and after the insult, the recovery of this highenergy nucleotide is incomplete (1-4, 6-12 ). Previous studies from our laboratory using in vivo 3"P-NMR have shown that the postischemic restoration of renal ATP is a biphasic process (4, 6-8). There is a rapid initial recovery of cellular ATP immediately upon reflow followed by a slower, more gradual component. Investigation of this pattern of ATP restoration as a function of various ischemic intervals found that (a) the magnitude of the initial recovery of ATP is a good indicator of the residual adenine nucleotide pool in the kidney at the end of the insult, (b) the slower phase that measures the rate of net restoration of renal ATP has a mechanism which is still undefined, and (c) the renal ATP content after 120 min of reflow is a good indicator of the recovery of glomerular function 24 h after the insult (8) . Thus, the postischemic recovery ofATP is a function of the residual nucleotide pool at the end of ischemia as well as the rate at which the kidney restores this high-energy compound during the first 120 min after reflow.
The present study was designed to provide new information concerning the relationship between TAN catabolism, the salvage of the residual nucleotide pool, and the severity of an DCF is a competitive, tight-binding inhibitor of ADA (21), the enzyme that catalyzes the deamination of adenosine to inosine. In vitro studies have shown that it is possible to completely abolish the activity of this enzyme by the addition of DCF to the enzyme preparation (21) . In vivo studies have demonstrated that ADA activity can be significantly reduced in most tissues by an injection of DCF, although different tissues have varied sensitivities to the inhibitory effect of the drug (13, 14, 22, 23) . Inhibiting this enzyme during a period of renal ischemia should lead to an increase in the tissue concentration ofadenosine. This, in turn, would be expected to result in an enhanced residual adenine nucleotide pool in the organ at the end of the insult, as adenosine is an end-product inhibitor of 5'-nucleotidase, the enzyme catalyzing the dephosphorylation of AMP to adenosine. By using an intramuscular injection protocol, it was possible to achieve consistently an 80% reduction in renal activity of ADA by means of doses of DCF as low as 0.5 mg/kg. This inhibition was sustained for at least 72 h after the injection. Furthermore, subjecting the animal to ATPi,,i, rapid initial recovery of renal ATP; ATP,,,, rate of net restoration of renal ATP; ATP120, cellular ATP content after 120 min of reflow; * P < 0.01 compared to untreated group. * P < 0.05 compared to untreated group. 45 min of bilateral renal artery occlusion did not affect the inhibition of ADA. In our experiments, inhibition of this enzyme in the degradative pathway of cellular ATP leads to a substantial (20%) increase in the residual nucleotide pool at the end of the insult. Adenosine was increased by a factor of 2.5, while inosine and hypoxanthine were not detected. According to our biphasic model of ATP recovery, this larger residual nucleotide pool should lead to an increased ATPj"'j, The data from the in vivo 3IP-NMR studies show that ATPinit is, in fact, enhanced in DCF-treated rats. This finding was confirmed by 'H-NMR of kidneys extracted after 15 min of reflow. When the increase in the residual nucleotide pool is compared to ATPinit determined by 31P-NMR in vivo, the same correlation between the two quantities as previously noted for various ischemic intervals (8) is found (Fig. 4) .
It is possible that DCF also inhibited adenylate deaminase, the enzyme that converts AMP to inosine monophosphate (8) . Inhibition of ADA could enhance both these factors. By decreasing the activity of ADA, the flow through xanthine oxidase will be limited during the period of reflow. Xanthine oxidase activity results in oxygen free radical formation, which is known to cause damage to cellular membranes. In fact, it has been reported that inhibition of xanthine oxidase will limit the severity of an ischemic insult (27) . DCF, by decreasing the substrate flow through the enzyme, could accomplish the same result. Our previous studies have shown that postischemic infusion of ATP-MgCl2 or AMP-MgCl2 will significantly increase the rate of ATP resynthesis without altering the residual nucleotide pool (ATPinJ) (6, 7) . This effect on the rate of ATP resynthesis is accomplished by providing exogenous precursors for the regeneration of cellular ATP (4, 7) . In the present study it would seem most likely that ADA inhibition has not only augmented the residual nucleotide pool but has also increased endogenous precursors available for the resynthesis of renal ATP. Since the DCF is injected intramuscularly and several tissues can have their ADA activity significantly reduced (13, 14, (22) (23) (24) (25) , it is possible that there is a systemic increase in the concentration of adenosine. In DCF-treated rats, the tissue content of adenosine was increased. This compound could also serve as a precursor for ATP restoration through the action of adenosine kinase. Therefore, the observed increase in AT~g~pe is consistent with both diminished oxygen free radical formation and an augmentation ofendogenous precursors for ATP resynthesis.
We have previously observed a correlation between the renal ATP content after 120 min of reflow (ATP120) and subsequent functional recovery as determined by CIn (8) . Since DCF pretreatment leads to an increased ATP120, it would also be expected to lead to enhanced restoration of kidney function. In fact, inhibition ofADA results in a 33% increase in CID 24 h after the injury. When the C1n is compared to ATP120 in the present study,. the same correlation between the two entities as previously noted for various ischemic insults is found (8) .
When the results from this study are compared with a prior study from our laboratory (8) , an interesting observation is made. The parameters for the postischemic restoration of renal ATP (i.e., ATPit, the ATPp,p, and ATP120) in DCFtreated animals after 45 min of ischemia are remarkably similar to those seen in an untreated animal after only 30 min of injury (ATPini, 59.1±3.9% control; ATP.lope 0.17±0.05% control/min; ATP120 72.8±6.8% control). Additionally, pretreatment with DCF prior to a 45-min insult enhances the recovery of function to the level seen after 30 min of ischemia (387±30 ,gl/min/ 100 g body weight). Therefore, inhibition of ADA during a 45-min interval of renal ischemia reduces the metabolic consequences and functional severity ofthe injury to that seen after only 30 min of insult.
The results presented in this study confirm our previously described biphasic model of postischemic ATP recovery determined by 3'P-NMR in vivo and demonstrate that it is possible to partially protect the kidney from an ischemic insult by inhibiting adenine nucleotide degradation. The augmentation of the residual nucleotide pool and diminished flow through the degradative pathway, which results from inhibition of ADA, produces more endogenous precursors for ATP resynthesis, an enhanced initial ATP recovery, an accelerated restoration of cellular ATP, and diminished functional impairment. In fact, inhibition of ATP degradation results in an injury, from the metabolic and functional perspective, which is similar to that of a lesser degree of ischemia.
